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Abstract 
The CO2CRC pilot project in the Otway basin of Australia has recently started injecting supercritical CO2 into a depleted gas 
reservoir, in what is the first geological storage project in the southern hemisphere. 
For CO2 geological storage to be successful, every effort should be made to ensure that CO2 doesn't find its way back to the 
atmosphere for a very long time - possibly centuries. Potable aquifers and other permeable formations (e.g. hydrocarbon 
deposits) must also be protected against CO2 contamination. 
Wells are generally recognized as a weak spot in CO2 storage, where containment can break down. This is because cement, steel 
and elastomers can be corroded by CO2, and the ageing process will be accelerated by any defects in the cement sheath. 
In particular, containment must be assured across impermeable geologic barriers - the caprock. In Otway's case, an objective of 
the project was to contain CO2 below a relatively short shale interval (around 150 ft in length). This represents the primary 
barrier, backed up by a much longer section higher up the well. 
This paper discusses how the integration of 3D ultrasonic imaging together with an advanced understanding of cement 
petrophysical properties brings about a detailed picture of the cement sheath. 
Caprock properties and borehole detailed shape and features can also be characterized through formation evaluation logging. 
The actual in-situ cement properties can then be used in a mechanical analysis of the cement-rock-casing system in order to 
assess the occurrence of cement defects (such as cracks and microannuli). This methodology is applied step-by-step over the 
short section of cement that must assure isolation across the primary barrier, providing an accurate input to long-term leak 
models that will estimate the risk to containment over hundreds of years. 
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1. Introduction 
Cement slurries are exposed to a number of phenomena during mixing and placement that can lead to set cement 
properties that are very different from their design value. Density control problems (both for continuous and batch 
mixing), contamination, channeling and fluid loss can and do cause slurry dilution/concentration and chemical 
incompatibility, which in turn can have a major negative effect on the capacity of cement to guarantee hydraulic 
isolation and can even lead to premature gelling during placement and early job termination. 
 
It is currently hotly debated whether ten or more meters of competent cement, well bonded to casing and 
formation would degrade during the expected isolation timeframe for CO2 geological sequestration wells (1,000’s to 
10,000 years). This is because competent cement, although reactive if exposed to CO2, has a very low permeability 
of the order of 0.5 to 5 μD; this low permeability means that most CO2 will travel by diffusion, a very slow process 
over the length scale of a meter. Cement with a high w/c ratio, however, could have a much higher permeability, less 
resistance to CO2 aggression and more frequent defects related to slurry settling. Defects such as liquid channels in 
cement can even provide direct pathways for CO2 leaks that couldn’t possibly be healed by calcite precipitation 
during the CO2 attack. 
 
Some of the phenomena listed above can be predicted, but cannot easily be controlled; others can hardly be 
predicted at all. In any case they belong to the class of fault-free risk, sometimes called residual risk: events causing 
sub-standard system performance that cannot be engineered away and that may happen even when job is perfectly 
executed. Mitigation measures must be adopted in this case to ensure a robust design. This is especially true for 
wells entering CO2 storage reservoirs, where storage containment is a key performance factor and CO2-cement 
reactions may cause leaks to grow over time. 
 
This paper will study a well recently completed in Australia for CO2 injection, and identify how channeling 
affected the petrophysical properties (density, porosity and permeability) of set cement. Using the characteristics of 
the pumped slurries as prior information, we computed a bayesian joint inversion of acoustic impedance and flexural 
attenuation data to determine the static properties of the set-cement at each location of the well. In particular 
contamination and channeling across the primary caprock caused the effective isolation length of cement to be 
reduced to around 12 m. The use of a cement formulation resistant to CO2 attack, and the increase of cement 
coverage at the design stage were successful mitigation measures that have contributed to an acceptable level of 
residual risk.  
2. Background: the CO2CRC CRC-1 well 
The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) is a joint venture engaged in 
research on Carbon Capture and Storage, a proposed technology that captures CO2 from fossil fuel power plant 
effluents and injects it in geological formations for permanent storage. 
 
The CO2CRC Otway pilot project aims to inject 0.1 million metric tons (Mt) of CO2 over 2 years in a depleted 
sandstone gas reservoir in the South-East of Australia to demonstrate the feasibility of geological storage. Injection 
has started on 2008 Apr 2. The top of the injection interval is located in the Waarre C sands (2053 m) and the main 
containment objective was to isolate the 4 1/2 in casing in the 7 in hole section across the Belfast and Flaxmans 
caprock (2000-2053 m). 
 
The design called for a tail cement formulation resistant to CO2 and with a density of 1900 kg/m³ (15.8 ppg) to be 
placed from TD (2238 m) to 1816 m, preceded by a 3% bentonite lead slurry with a density of 1500 kg/m³ (12.5 
ppg) up to 308 m. Mud removal was assured by almost 10 m³ of weighted viscous spacer. The tail cement gained 
resistance to CO2 attack from the absence of portlandite (lime) and from the minimization of the amount of water in 
the slurry through optimized particle size distribution (Barlet-Gouédard et al. [1]). 
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The 4 1/2 in casing was cemented on 2007 Mar 15, and the job went according to design, with fluid density, 
surface pressure and injected flowrate being recorded throughout the placement. The cement was logged on 2007 
Sep 26 – more than 6 months after the job – with a novel multi-transducer ultrasonic 3D imaging tool. This tool 
delivers two independent measures of the material in contact with the casing and its compact wave packets allow 3D 
imaging of the annulus out to the cement-formation interface (van Kuijk et al. [2]). 
3. Contamination and solid-in-solid channeling 
Contamination has a number of meanings in the oilfield: in general it refers to the addition of chemicals 
(especially from the drilling fluids) to cement slurries as a result of fluid mixing, a phenomenon that can worsen 
slurry properties and can delay or totally prevent cement setting. In the context of this paper, contamination refers to 
the mixing of a high-solid content (tail) slurry by another fluid with lower solid content – and the consequent 
increase in the water fraction of the tail slurry; it may thus be more properly defined as “dilution”. 
 
Figure 1 shows streaks of low acoustic impedance spiraling South-East to Nort-West around the log track. The 
streaks are actually aligned with the narrow side of the annulus, with the spiraling motion caused by the wireline 
tool rotation while pulling out of the hole. 
 
 
Figure 1: Section of the cement evaluation log around 2075 m showing low acoustic impedance (high flexural attenuation) streaks spiralling SE-
NW across the tail cement. The map on the right uses the two measures (acoustic impedance and flexural attenuation) to estimate whether the 
annular material is solid (brown), liquid (aqua) or gas (red). 
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The Solid/Liquid/Gas map from the cement evaluation log shows unambiguously that the streaks are solid: in fact 
(as discussed below) the impedance and attenuation are consistent with almost pure lead cement. The streaks can 
therefore be thought of as solid-in-solid channeling. By comparison of the ratio of minimum and maximum 
averaged acoustic impedance with the measured casing standoff, Loizzo and Sharma [3] showed that the streaks 
(where the minimum impedance is much lower than the maximum one) are correlated with zones of poorer standoff. 
 
This correlation suggests that the low-impedance streaks are in fact pockets of lead slurry that displaced the 
original mud and spacer but were not completely displaced by the tail slurry during placement; a phenomenon 
analogous to the one that causes mud channels in cement. 
 
4. Determination of set-cement static properties 
Acoustic impedance and flexural attenuation can be used in a Bayesian joint inversion to compute the slurry 
water content at each point of the casing (azimuth and depth) and the resulting set cement porosity. The slurry water 
content and solid density can in turn be used to evaluate the local mixing ratio of lead and tail slurry, and the fluid 
loss effect.  
 
We developed a code, allowing the in-situ determination of the porosity of cement through casing, using its 
acoustic impedance (Z) and flexural attenuation (α). 
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First, we have developed a micro-poro-mechanical model to determine set-cement properties from mix design 
parameters (CKP). This morphological model calculates the porosity, elastic moduli, density, etc. of the cement 
from the composition of the blend. These cement properties can be used to generate logs of P- and S-waves 
velocities, and then, using other models, acoustic impedance and flexural attenuation. So, the problem we have to 
solve is the estimation of the cement compositional parameters, by the inversion of this forward model. 
 
With two observables (α,Z) and four intrinsic cement parameters to fit, this problem is a non-linear inverse 
problem, ill posed by definition. To solve it, we have to introduce prior information on the parameters and 
uncertainties associated with the data. Taking this in account, we designed the algorithm in the bayesian probability 
density functions formalism (e.g. Tarantola [4]), attributing normal laws to the parameters, with prior means and 
standard deviations. 
 
This program converges to an optimized posterior set of parameters of the mix design for each location of the 
well, associated with a posterior covariance matrix. These parameters can then be reinjected into the model chain to 
obtain logs of the quantities of interest, including the set-cement porosity. 
 
The results of the inversion, shown in Figures 2 to 4, reveal that part of the low-impedance streaks correspond to 
almost pure lead slurry (that has a slurry water fraction of 77.2%, compared to 40.0% for the tail slurry). The maps 
also show that across the primary caprock there are two continuous intervals of good tail cement: 2028-2034 m and 
2040-2052 m. 
 
 
 
Figure 2: (Between 2000m and 2100m) Observed and modeled (from the most likely values of the parameters) acoustic impedance, observed and 
modeled flexural attenuation, and inverted slurry porosity (1-SVF). 
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Figure 2 shows the good fit between the observed data (impedance and attenuation) and the logs obtained by the 
models played with the set of cement parameters determined by the inverter at each location.  
 
Figure 3 presents several logs of cement properties modeled with the most likely parameters, the velocity of 
compressional and shear waves, the density of the cement, its modeled porosity and the opposite of its solid volume 
fraction (SVF). 
 
 
Figure 3: (Between 2000m and 2100m) Inverted velocity of the P-waves, inverted velocity of the S-waves, inverted system density, inverted set-
cement porosity and inverted slurry porosity (1-SVF). 
 
The porosity of the cement is represented again on Figure 4, with the elastic moduli of the cement, the volume 
fraction of non-cementitious inclusions, and the water to cement ratio. 
 
Even if these logs are noisy and need of the inverse problem parameters, it is interesting to notice that the high 
porosity streaks correspond to low inclusions volume fraction and high water to cement ratio. These are solid-in-
solid channels made with contamination of CO2 resistant tail cement by lead cement, containing no inclusions and 
having a much bigger porosity (60 to 90% on the logs).  
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Figure 4: (Between 2000m and 2100m) Modeled bulk modulus K (from the most likely values of the parameters), volume fraction of inclusions, 
shear moduus G, water to cement ratio, and inverted set-cement porosity. 
 
5. Implications of contamination on long-term durability in a CO2 environment 
Having a higher porosity does not normally affect the short-term ability of cement to isolate permeable intervals 
in the absence of chemical degradation; it must be noted, however, that the downside to “bad” cement being a 
pressure barrier is that it cannot be repaired by cement squeezes if needed. 
 
As far as the long-term chemical durability of cement is concerned, especially when exposed to CO2, higher 
cement porosity leads to three types of effects: 
• Permeability increases, even more so when porosity exceeds 40%-50% and starts forming connected flow 
channels. Reliable data about how increasing slurry porosity affects permeability is very rare, but Stiles [5] seems 
to suggest that bentonite slurries may reach 1 mD, three or four orders of magnitude higher than competent, high-
solid content cement. 
• Water-to-cement ratio increases, providing more water to the carbonation and leaching of cement. 
• Pore size increases, leading to less effective permeability plugging from carbonation. 
 
There is a clear need for controlled lab experiments to quantify the role of these phenomena in cement durability; 
nonetheless, it is reasonable to assume that they increase the risk of cement degradation. 
 
Besides geochemical effects, geomechanical complications could also affect both short- and long-term durability 
of contaminated tail cement: higher-porosity cement will have lower Young’s modulus and lower tensile strength 
than the original design, and the boundary between the contaminated solid channel and the low-porosity tail slurry 
will provide a weak point in the cement sheath. Both changes – weaker cement and the junction between two 
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cements with different mechanical properties – may lead to cement cracking and the development of defects that 
could lead to containment loss. 
6. Conclusions 
This paper introduced the presence of solid-in-solid channels in the cement of the CO2CRC CRC-1 well. It is a 
contamination of the tail CO2 resistant cement by some much more porous lead cement. These channels have been 
observed on acoustic impedance logs, and characterized using a bayesian joint inversion of the impedance and the 
flexural attenuation to determine the parameters of the blend composition used to model the best fitting data. 
 
The computation of the direct model (CKP) with the optimized parameters set for each location provides 
synthesized logs of porosity, elastic moduli, density, etc of the cement. The resolution of this inverse problem gives 
us thus a way of getting the mechanical static properties from the measurements of attenuation and impedance, using 
a physical model. The critical geomechanical complications mentioned above could then be detected. Moreover, this 
processing could give us a way to monitor the permeability in this kind of solid-in-solid defects. 
 
Finally, the synthesized porosity logs presented in this paper provides good information about the well integrity 
in CRC-1 with the confirmation of the existence of at least 12 m of continuous good CO2 resistant cement across the 
primary caprock. 
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